Micromachining using femtosecond laser pulses
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1 femtosecond (fs) = 10~ second = 0.3 pm in vacuum
1 attosecond (as) = 1078 second = 0.3 nm in vacuum

At (fs) AX (nm) = 448d0° X2 ()

Transform — limited — pulse

ALAE = h

(Gaussian pulse

A (nm) E (eV) At (fs) AN (nm) Av (GHz)
800 1.55 100 94 4400
800 1.55 D90 26,000
800 1.55 4 235 110,000
13.7 90 ~0.65 - -

* one optical cycle = 2.67 fs at 800 nm
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Combined SPM and dispersion compensation - short pulse formation

Self-phase modulation - nonlinear effect
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Pulse stretcher
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Group velocity dispersion (GVD) - linear effect
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FROG - frequency-resolved optical gating - Third-harmonic generation
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heat diffusion time ~ns-us duration
electron-phonon relaxation time ~ps
nonequilibrium temperatures
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« Animation of long pulses versus short pulses



A channel machined in 1 mm
thick INWAR, Mickelflran alloy
under the same experimental
conditions as the long pulse
channel in Figure 4.1, but with
ultrafast pulses. This channel
was machined with 200
femtosecond pulses, 0.5 md
ehergy per pulse, It is guite
obwvious that the channel
machined with femtosecond
pulses is cleaner than the
sample machined with
nanosecond pulses (place link
to figure 4.1). Mate also the
absence of a recast layer. It is
also clear that the machining
process was maore efficient —
the channel is larger. The
edges are straighter. Cverall
the quality of the
micromachining is much
higher.

] 1 um WD37

Source: Clark-MER, Inc. Figure 6.1: Channel machined in INY AR with ultrafast laser.




Process of Dielectric breakdown

e excitation of electron in conduction band by multi-
photon (or impact) ionization

e heating of conduction band by free electron to form
a critical density electron plasma

e continue absorption of laser energy by plasma

e plasma expands as a highly energetic gas

e heat diffusion is “frozen” during laser interaction, min-
imum energy is deposited to the lattice.

e process is precise and reproducible - a controlled dam-
age
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some laser machining parameters

pulse width 200 fs

spot size 1-2 pm diameter
power density ~ 8x10!3 Watts/cm?
energy density ~ 16 Joule/cm?
energy/pulse 160 nanoJoule/pulse
# of pulses 103 — 104

An 1075 — 1074

Iy, A2

Ei;, = power threshold = ——
1 T(NAY+lonp

= ~ 3x103 Watts/cm?

Por = critical power for self focusing

Ii, = optical breakdown threshold



5, x100, Qil-Contact, Scale 2 um

NA:1.35, X100, Qil-Contact , Scale 5 um

Fig. 1. (100) Plane of an sc photonic lattice in Ge-doped
silica. The empty Y-shaped area consists of missing
photonic atoms and functions as a microintegrated optical

waveguide.
Sun, et. al., Optics Letters 26, 325 (2001)
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Figure 2. Steady-state figld distribution in 8 photenic crystal wave-
guide branch, at a frequency where nearly 100% transmission
occurs. White circles indicate the pasitions of the dielectric cylin-
ders. Plotted here is the amplitude of the electric field componeant
that is parallel to the cylinders.

Fig. 8. (2) Wavegnide with two 60 bends and 25 jom bend-to-bend spadng.
by High-<} cavity filter formed by coupling single-defect cavity to the two
waveguide sections.

Fan and Joannopoulos, Optics and Pohtonic News, Cct, 2000
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Fig. 2. Microdrilling of silica glass from its rear surface
in air without and with an inflow of water into the hole.
Incident energy, 1 pudJ per pulse. (a)—(c) Drilling without
an inflow of water; (d), (e) drilling with an inflow of water.
(f) Image of (e) after the water has receded.

Fig. 4. Square-wave shaped hole drilled by movement of
the sample in different directions. (a) The finished hole
with diameters of ~7 um (pulse energy, ~4 uJ)and ~4 um
(pulse energy, ~1 wJ). (b) Video clips of the drying pro-
cess of the refilled hole.

Fig. 2. (a)—(d) Side views of optical seizing and movement
of avoid. (e) Central void is moved toward the input plane
by 5 um.

@ B ©

Fig. 3. Optical movement of arbitrary voids: (a) creation
of voids, (b) movement of the fourth void, (¢) movement of
the second void.

Osaka University



Large-scale optical integration - in 3-D

e high-density optical memory devices

e waveguides - singlemode, multimode, hollow channels £ ==

<&

e circulators, fiber gratings, modulators @% "

Fiber Grating

e directional couplers, X-coupler

HHHHHHHH

e photonic 2-D and 3-D crystals %égﬁf‘ ,

¢ holey waveguides



Conclusions

e Potential to create large-scale optical integration in
3-D

e Re-writable optical components may be possible

e High precision micromachining of virtually all optical
materials

e Potential to produce sub-micron, or nano-meter fea-
tures



